High-resolution tern emperature-dependent hoto y larger phonon broad ening in the first en p otoemission data from N 2 }1 d id}li d m a p core level els reveal substantiali is ue primarily to the excit a than in the bulk. We surface. Soft surfacehon e excitation of relatively soft h e show that the transition-metal surf~a ce-p onon modes also acc count for previousl re d y so t p onon modes er p rpendicular to the sur ace-atom core level s. y reported but uninter t d re d ' rpre e roadening of
atoms. The well-resolved peak at 30.6 eV is the bulk 2@3~2 component and that at 30.95 eV is the surface 2pl~2 component. The feature between these peaks contains the unresolved surface 2p3~2 and bulk 2plg2 lines. Apart from the qualitative observation that the 2pl~2 surface component is broader than the 2p3~2 bulk line, quantitative information can be obtained only from more detailed analysis. A straightforward approach is to apply a subtractive stripping technique to remove the contribution of the 2plg2 components. This procedure involves no assumptions about the line shape and requires only the spin-orbit splitting and intensity ratio. We obtain satisfactory results for splittings between 155 and 165 meV and ratios between 0.48 and 0.58. Belo~the raw data in Fig. 1 we show a stripped version of the same spectrum using a splitting of 160 meV and a ratio of 0.52. Several conclusions can be drawn from the stripped spectrum. First, the success of the procedure (as seen by the lack of oscillations in the tail at high binding energy) indicates that the lifetime width of the 2pl~2 component is not greatly altered by the L2L3Ml Coster-Kronig decay process. Second, the spin-orbit parameters of the bulk and surface components are identical, rather than diA'erent as reported in an analysis of polycrystalline Na data.
Third, the surface-atom core-level shift is 190 5 meV, a value 30 meV smaller than the polycrystalline average. ' The most significant observation to emerge from the stripping procedure is that the width of the surface line is -50 meV wider than the bulk line. Crystal-field splitting cannot explain this result because it broadens only the p3y2 component, and would yield an oscillating highbinding-energy tail in the stripped spectrum, which is not observed. Enhanced lifetime broadening of the 2p surface core levels, which are dominated by core-valencevalence (CVV) Auger transitions, is also not a viable explanation.
In W(110), whose valence-band density of states (DOS) is significantly modified at the surface, only a 40% increase in the CVV Auger decay rate is ob-7 served.
Not only would such an effect be even smaller in the alkali metals because their surface DOS are more similar to those of the bulk, but the 2p lifetime width of bulk Na is only 10.15+ 1 meV, clearly too small to account for the large observed diff'erence. An increased singularity index e at the surface would make the line more asymmetrical, but would not aff'ect its peak. shape. In order to establish that the extra surface width is indeed Gaussian requires least-squares analysis of the data. Figure 2 shows the result of such a fit to the data from Fig. 1 . Averaged over all measured photon energies for 77-K samples, the surface peaks are characterized by an extra Gaussian width of 92~12 meV (added in quadrature to the bulk Gaussian width). The spinorbit parameters obtained from the stripping procedure are reaffirmed by the fits. In addition, we obtain a singularity index a of 0.190+ 0.016, in good agreement with an earlier value of 0.198+ 0.015, and a Lorentzian lifetime width of 13~3 meV, consistent with absorptionand emission-edge results.
To distinguish between inhomogeneous and phonon broadening, we have performed temperature-dependent measurements of the 2p photoemission. Figure 3 shows spin-orbit-stripped and smoothed spectra obtained at three diff'erent temperatures.
The increasing width with temperature of both the bulk and surface components is apparent. Moreover, the surface width increases at a faster rate than the bulk as seen by the decrease of the peak height of the surface line relative to the bulk. (A shift in binding energy with temperature due to expansion of the lattice is also evident. )
A guide to quantitative analysis of the extra surface width versus temperature is obtained by considering the coupling of the core-hole excitation to a longitudinal Debye phonon spectrum. Such coupling, first studied by Since perpendicular Debye temperatures at metal surfaces are, in general, expected to be smaller than the bulk value, it is no surprise that broadened surface lines have been reported for other metals. If Eq. (3) does indeed have general validity, it should account for these other results as well. The reported broadenings have invariably remained uninterpreted because of experimental inadequacies and/or the lack of a suitable theoretical formalism. As an example, bcc (110) transition-metal surface atoms have 8&=0.68D, and so should exhibit [for (T/8o)» I] phonon widths that are -30/0 larger than atoms in the bulk. This is, in fact, consistent with data obtained on W(110). For low-index bcc (100) and bcc (111) surfaces, which are calculated to have 8& and both 8~~'s of =0. 68', ' the high-temperature surfacephonon widths are predicted be -1.65 times larger than the bulk value. Photoemission data on Ta (111) 
